Summary. The aim of this study was to produce an antibody reactive to the surface of endocrine pancreatic cells and use this antibody for the purification of endocrine cells from the human fetal pancreas by fluorescence activated cell sorting. We describe such an antibody, called N1, reacting with the surface and cytoplasm of endocrine cells in the adult and fetal human pancreas (12 to 18 weeks gestational age). While unreactive to exocrine and mesenchymal cells, it was not specific for endocrine cells, as evidenced by its staining pattern in tissues other than pancreas. Almost 40 % of the Nl-positive pancreatic cells contained either insulin, glucagon or somatostatin. Conversely, more than 90 % of each of the hormonecontaining cells was N1 positive. An additional 40 % of N1-positive cells, not containing other pancreatic hormones, was shown to contain islet amyloid polypeptide, synaptophysin, chromogranin, tyrosin hydroxylase or CA812. A two-step collagenase digestion protocol yielded 1.29 + 0.17 x 105 cells per mg pancreatic tissue. After Percoll gradient centrifugation, the suspension contained 15.6+5.7% (n=25, mean + SD) cells reactive with N1. By fluorescence activated cell sorting using the antibody N1, the single-cell suspension was enriched from 3.0 _+ 1.4 % to 16.2_+ 4.8 % (n = 10, p < 0.01) Beta cells. Alpha and Delta cells were also enriched significantly by this procedure. The percentage of Nl-positive cells increased from 17 _+ 4 % to 83 + 6 %. This preparation enriched for endocrine cells allows future studies on possible endocrine precursor cells.
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Several antibodies have been reported to react with Beta cells or endocrine pancreatic cells [1] [2] [3] [4] [5] [6] . Rat Beta cells or :islets were usually the substrate when determining the specificity of these antibodies. Islets of Langerhans constitute 1-2 % of the adult human pancreas. Their recovery is based on enzymatic digestion of the pancreatic glands [7] . Recovery of single endocrine pancreatic cells has been described by physicochemical separation procedures [8] . In the human fetal pancreas, a large proportion of the endocrine cells are located outside the islets, complicating islet isolation procedures [9] .
The aim of the present study was to produce antibodies, which after reacting to the surface of human fetal endocrine pancreatic cells, could be used for selective enrichment of these cells by fluorescence activated cell sorting. Such enriched cell preparations could be an important tool in the study of differentiation and proliferation of endocrine pancreatic cells. We describe the production and staining pattern of an antibody, N1, reactive to the surface of Beta cells. Subsequently, a method for the production of single-cell suspensions from the human fetal pancreas is described. These were labelled with N1 and subjected to fluorescence activated cell sorting. We show a substantial enrichment of Beta cells, Alpha cells and Delta cells.
Materials and methods

Tissue pre-treatment for immunization
Human fetal and adult pancreata were obtained with permission of the local ethical committee. Abortions were performed mechanically, resulting in a warm ischaemia time of 10-20 min. The specimens were between t2 and 18 weeks gestational age. For immunization, fetal pancreata were cut into 1 mm 3 pieces and cultured for 14 days in serum-free medium HB104 (Hana Biologics, Berkeley, Calif., USA) supplemented with 20 mmol/t HEPES, 100 IU/ml penicillin, 100 U/ml neomycin, 100 mg/ml streptomycin, 1 mmol/1 sodium pyruvate and 20 mmol/1 L-glutamine. The tissue was cultured under 95 % 02 and 5 % CO 2 at 37°C. Following culture, the tissue fragments were homogenized, centrifuged at 12,000x g for 5 min to remove nuclei and other particles, and stored at -20 °C until use. 
Immunization
C57Bl/6J and SJL/J mice were purchased from Jackson Laboratories (Bar Harbor, Me., USA). NZB/N mice were obtained from National Institutes of Health (NIH, B ethesda, Md., USA). The mice were injected intraperitoneally three times with 500 p.g (wet weight) of homogenized tissue in complete Freund's adjuvant, incomplete Freund's adjuvant and phosphate buffered saline (137 mmol/t NaC1, 8 mmol/1 Na2HPO4 • 2H20, 2 mmol/1 KH2PO4, 3 mmol/1 KC1; PBS), pH 7.4, respectively. The mice received an intravenous boost of 50 gg homogenized tissue 3 days before spleen cell harvesting.
Production and screening of antibodies
Spleen cells of immunized animals were fused with P3X63-AG8.653 myeloma cells according to Galfre and Milstein [10] and cultured in hypoxanthine-aminopterin-thymidine (HAT) inedium with syngeneic peritoneal macrophages as feeders. After culture at 37 °C in 5 % CO 2 for 14 days, hybridomas were screened by staining cryostat sections of adult human pancreata with the indirect fluorescence technique mentioned below, using culture supernatants as the first antibody step. Positive clones were expanded, subcloned by limiting dilutions and re-tested on human fetal pancreatic sections.
Dispersion
Human fetal pancreata were minced with scissors to fragments of i mm 3. The pieces were centrifuged at 100x g for i min. A maximum of 0.4 ml tissue was resuspended per 4 ml Earle's balanced salt solution without Ca/Mg (EBSS; Gibco, Paisley, UK) containing collagenase type I (Sigma Chemical Co., St.Louis, Mo, USA, i mg/ml), and DNase (10 gg/ml, Sigma) and placed in a shaker bath (GFL, Burgwedet, FRG) at 37 °C, for 10 min. The suspension was pipetted up and down for 1-2 min with a glass pipette and centrifuged at 100x g for 1 min. The pellet was re-incubated with a fresh collagenase solution for another 10 min and centrifuged again. All glass- 
Overnight culture
After dispersion cells were suspended in RPM11640 at a concentration of 1-2x 106cells/ml. The medium was supplemented with 2mmol/1 L-glutamine (Gibco), 100IU/ml penicillin, 100gg/ml streptomycin and 25 gg/ml Fungizone (Gibco), 25 mmol/1 HEPES (Merck, Darmstadt, FRG), 10% pooled, heat-inactivated human serum (Bloodbank, University Hospital, Leiden, The Netherlands), 1.5 U/ml dispase I (Boehringer Mannheim, Mannheim, FRG) and 10 gg/mt DNase (Sigma). The enzymes were added to prevent cell aggregation or cells attaching to the bottom of the dish. The cells were cultured in a COs incubator (Heraeus, Osterode, FRG) at 37 °C and 5 % COz for 12-15 h.
Gradient centrifugation
An iso-osmotic Percoll solution (SIP) was prepared by mixing 90 parts of Percoll (Pharmacia, Uppsala, Sweden) with ten parts 10 times concentrated Hanks' balanced salt solution (HBSS; Gibco) and 10 mmol/1 HEPES. Working solutions for Percoll gradients were prepared by mixing fixed ratios of SIP and EBSS. A gradient with layers of 1.004 (EBSS), 1.030 and 1.063 g/ml was constructed.
Following the 12-15 h culture period, the cells were suspended in the 1.063 g/ml Percoll solution and subjected to floatatiou centrifugation for 25 min at 400x g at 20 °C in a Heraeus Varifuge RF (Heraeus, Ostenrode, FRG) without braking. Subsequently, cells were collected from the interphases and washed three times in EBSS, supplemented with 2.5 % pooled human serum. Finally, the cells were counted, viability and the percentage of insulin-positive cells were assessed.
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was used at a dilution of 1:2000 (ascites) or 1:10 (culture supernataut). Furthermore, an anti-insulin mouse monoclonal antibody [13] was used at a titre of t: 300. Both antibodies were combined with a goat-anti-mouse fluorescein-or tetramethyl rhodamine-isothiocyanate (FITC or TRITC) labelled antibody (Nordic Immunological Laboratories, Tilburg, The Netherlands) at a dilution of 1 : 60 and 1 : 15 respectively or a rabbit-anti-mouse peroxidase conjugated second antibody (Dako, Glostrup, Denmark) at a dilution of 1:100. Double-staining on sections was performed using the fluorescence procedure. H37, an exocrine-specNc rat monoclonal antibody [5] (a gift from Dr. O. D. Madsen, Gentofte, Denmark) was used at a dilution of i : 10, and combined with N1. As second antibody rabbit-antirat FITC (Dako) at a dilution of 1:80 was used. Both primary and secondary antibodies were applied together. Controls included replacement of the first antibody with either single-or double-staining using the corresponding animal serum or PBS.
Irnrnunocytochernistry
These experiments were carried out on cells after Percoll gradient centrifugation. For surface labelling cells were labelled in suspension with a primary antibody in PBS/bovine serum albumin for 30 min at 4°C at a concentration of 1 x 107 per ml. Then they were washed, centrifuged and incubated with a fluorescence-conjugated second antibody for 30 min at 4 °C. Finally, they were washed once more, cytospins were prepared and fixed in acetone for 15 min at room temperature. Subsequently, for cytoplasmic labelling, primary and secondary antibodies were applied on the cytospins for 30 rain at room temperature. In between, the cytospins were washed with PBS.
The following surface monoclonal antibodies were used: N1, dilution 1:2000, BE2 and 1B2, against pancreatic acinar cells, dilutions 1 : 10 and 1:1 respectively (a gift from Dr. H. Clausen, Seattle, Wash., USA), ER-Pr7, against pancreatic ductal and acinar cells, 1 : 5 (a gift from Dr. Th. H. van der Kwast, Rotterdam, The Netherlands). All monoctonal antibodies were of mouse origin. Cytoplasmic antisera used were anti-somatostatin 1:800, anti-vimentin 1:50, anti-glucagon 1:300 (Dako), and anti-islet amyloid polypeptide 1:90 (Peninsula, Belmont, Calif., USA), all were of rabbit origin. A guinea-pig anti-insulin antiserum (Dako) was used at a dilution of 1:1000. The following cytoplasmic monoclonal antibodies were used: mouse anti-synaptophysin 1 : 10 and anti-tyrosin hydroxylase 1:100 (Boehringer Mannheim), mouse anti-chromogranin A 1 : 400 (a gift from Dr. J. R. D. Rahier, Brussels, Belgium) and CA812, a BBrat monoclonal autoantibody, 1:100 (a gift from Dr. O. D. Madsen) [5] . Second antibodies were goat-anti-mouse-FrFC and TRITC (1:60 and i : 15), goat-anti-rabbit-FITC and TRITC (1: 80 and t : 80) (Nordic), goat-anti-guinea-pig-FITC and TRITC (1:60 and 1:15) (Southern Biotechnology, Birmingham, UK) and goat-anti-rat-FITC 1:250. Control experiments were performed in single-and
Irnrnunohistochemistry
Pancreata from mouse, rat, monkey and humans (adult and fetal) and control organs were snap-frozen through isopentane in liquid nitrogen and stored until use. Cryostat sections were prepared at 5 gm thickness and stained after fixation with 4% buffered formalin or without fixation by an indirect labelling technique, using either fluorescence-or peroxidase-conjugated second antibodies [11, 12] . N1 
Statistical analysis
The relationship between age and the percentage of cells of a certain type was evaluated according to Spearman's rank correlation. The significance of differences between viability assays before and after Percoll gradient centrifugation was determined by Wilcoxon's signed rank test. All data are given as mean + SD.
Results
Production and screening of monoclonal antibody N1
One of the hybridoma supernatants stained islets in human adult pancreatic sections. The supernatant was retested on human fetal pancreas and showed positive staining as well. The hybridoma was cloned by limiting dilutions and cloning was repeated to ensure the purity of the cell line. The resulting monoclonal antibody was named N1 and identified as an IgG1 antibody. double-staining experiments, replacing the primary antiserum with a pre-immune serum or with PBS. No background staining o1" spectral overlap was observed. Typically 500 to 1000 cells were counted by fluorescence microscopy, excluding disrupted cells from the counting. 
Typing and subtyping
Staining of viable cells
Fluorescein diacetate (FDA) is a fluorogenic substrate for the determination of cell viability [14] . A stock solution of 1 mg/ml FDA in acetone was made and stored at -20 °C. Cell suspensions were incubated with a 1 : 10,000 dilution of this stock for 5 rain. They were then centrifuged and analysed on a FACScan (B ecton Dickinson).
Immunoh&tochemistry
N1 immunoreactivity withstands fixation by 4 % buffered formalin, 1% paraformaldehyde or acetone. Paraffin embedding deletes N1 reactivity. Human and monkey pancreas showed a positive staining reaction, mouse and rat tissue did not. In adult human and monkey pancreas all islet cells were cytoplasmically stained by N1 (Fig. la) . This was confirmed by staining serial sections with N1 and with insulin. Double-staining with N1 and H37, a marker for exocrine pancreatic cells, showed no overlap between these markers in the human adult pancreas. In the human fetal pancreas groups of cells and single cells, dispersed throughout the parenchyma were stained by N1 (Fig. 1 b) . Double-staining showed that some of these cells contained insulin. The reactivity of N1 in other human fetal organs is summarized in Table 1 .
[rnrnunocytochemistry Human fetal pancreatic cell suspensions showed N1 reactivity on the surface of cells (Fig. 2 a) . No overlap was seen between N1 and vimentin, a marker of mesenchymal cells. There were no insulin-positive cells staining with exocrine cell monoclonal antibodies, specific for acinar as well as ductal cells. Double-staining for N1 and hormonal markers (insulin, glucagon, somatostatin) or for N1 and either synaptophysin, tyrosin hydroxylase, CA812, chromogranin A or islet amyloid polypeptide further characterized the poptflation of Nl-positive cells (Table2, Fig.2a,b) . In some cases two mouse monoclonal antibodies were used subsequently. Incubation with N1 and its conjugate was done in suspension, as described, followed by the preparation of cytospins and fixation. Because of this procedure, and the spatial difference of the staining pattern (surface labelling for N1 vs cytoplasmic labelling for the other antibody) cells could be recognized and scored without interference of cross-reactivity. 
Dispe~ion
Because pancreatic weight increased from 50 mg at 12 weeks gestafional age to 250 mg at 18 weeks, there was a considerable variation in the cell yield between pancreata ( Table 3 ). The yield per amount of tissue was relatively constant throughout this age range: 1.29 + 0.17 x 105 cells per mg pancreatic tissue (n = 10, mean + SD). There was virtually no tissue remaining after the second collagenase digestion step and the passage through the 100 gm nylon mesh. There was no correlation between cell yield per weight and the age of the processed specimen (r~ = 0.18).
Overnight culture
Recovery of the cell number following culture in RPMI 1640 plus 10 % human serum and 1.5 U/ml dispase was 66 + 28 % (n = 15). At the same time the percentage of single cells and the percentage of insulin-positive cells increased (Table 3) . Cells were not attached to the dishes, nor was there any clumping. Omission of dispase resulted in extensive clumping and cell attachment at the present cell concentration.
Gradient centrifugation
Percoll gradient centrifugation resulted in two interphases and a pellet. The viability of the 1.004-1.030 g/ml interphase was 48 _+ 22%, that of the 1.030-1.063 g/ml interphase was 83 + 5 % and that of the pellet was 20_+ 8 %, as compared with 53 + 8 % in the initial cell suspension (n = 7). There was a large number of erythrocytes present in the pellet. The difference in viability between the 1.030-1.063 g/ml interphase and the initial cell suspension was significant (p < 0.01) ( Table 4 ). The recovery of cells in the viable interphase was 55 + 12 % (n = 18).
Cell sorting 441
Fluorescence activated cell sorting of Nl-positive cells (Fig. 3) resulted in an increase of the percentage of insulincontaining cells (Fig. 4) . Also glucagon-and somatostatinpositive cells were enriched signNcantly (Table 5) . After sorting, 6.2 + 2.7 % (n = 10) of the cells which were obtained after Percoll gradient centrifugation, were recovered in the enriched suspension. During the sorting procedure the viability decreased ( Table 5 ). The final recovery of Beta cells after all the procedures (from dispersion to sorting) was 11.3 _+ 3.6 % (n = 10) as compared to a recovery of 2.2 _+ 1.1% for all cells.
Discussion
We describe the production of a monoclonal antibody, N1, reactive to the surface and cytoplasm of islet cells in the human fetal and adult pancreas. Apparently, its epitope is present early in development and persists throughout adulthood. N1 does not react to exocrine or mesenchymal cells, confirming its endocrine specificity within the pancreas. Outside the pancreas, N1 reactivity was found in several other tissues and was not restricted to endocrine cells. Almost 40 % of Nl-positive cells in the fetal pancreas contained either insulin, glucagon or somatostatin. Since cells were cultured for at least 16 h before staining, it is unlikely that this binding pattern is influenced by the dispersion process. Five other markers (islet amyloid polypeptide, synaptophysin, chromogranin A, t~yTosine hydroxylase and CA812) also constitute 35-40 % of N1-positive cells. By combining these markers with antibodies to insulin, glucagon and somatostatin, overlapping populations were observed. Only hormone-negative subpopulations of cells positive with one of the five markers were used for further characterization of Nl-positive cells. Synaptophysin is present on the membrane of secretory granules of islet cells [16] or in synaptic-like microvesicles [17] . Chromogranin A is converted to betagranin and cosecreted with insulin [18] . Islet amyloid polypeptide is colocalized with insulin in Beta-cell secretory granules [19] .
Recently, it has been suggested that islet amyloid potypeptide is present in more immature cells [20, 21] . The expression of synaptophysin, chromogranin A and islet amyloid polypeptide in cells not containing insulin, glucagon or somatostatin is intriguing. Apparently, cells with (neuro)endocrine characteristics are present which do not contain hormones. Alternatively, these cells may have lost their hormone or hormone production in vitro or through the various experimental procedures.
The increase in the percentage of Nl-positive cells from 10 to 19 %, between 12 and 18 weeks gestational age might represent a period with rapid endocrine cell proliferation and/or differentiation relative to the rest of the pancreas. A concomitant increase in the percentage of insulin-positive cells resulted in an unaltered ratio of insutin-vs Nl-positive cells.
Many procedures exist for the recovery of islets from the adult pancreas [22] [23] [24] [25] [26] [27] . The scattered distribution of endocrine cells in the human fetal pancreas excludes standard islet isolation procedures [9] . Instead we dispersed the whole pancreas into single cells allowing cell sorting. Our method resulted in considerable cell death, probably due to the use of collagenase. Therefore, Percoll gradient centrifugation was performed to increase the percentage of viable cells before antibody labelling and cell sorting. The clumping tendency of the preparations results in a suboptimal percentage of viable cells.
For the enrichment of Beta cells, van de Winkel et al. [28] were able to sort rat Beta cells from other endocrine pancreatic cells on the basis of flavin adenine dinucteotide (FAD) content [29] resulting in autofluorescence. We could not increase the percentage of fetal Beta cells using this method (unpublished results), or by using forward light scatter as a sorting parmr~eter as previously described for rat islet cells [30, 31] . The observed differences may be the result of the human or fetal character of these pancreatic cells.
Therefore we labelled the surface of the cells with N1, while in suspension. Enrichment is limited by the proportion of Beta cells in the Nl-positive cell population (16.9 + 4.9 %). Some contamination with mesenchymal cells is present. This may be caused by non-specific binding of label to these cells or the formation of doublets with Nl-positive cells. The decrease in viability after sorting may result from dead cells with false positive N1 reactivity, although care was taken to eliminate these on the basis of light scattering properties. Moreover, the stress of the sorting procedure might result in a decreased viability.
Preliminary experiments have shown that the sorted cell suspension can be cultured for up to i week, without a decrease in viability or the percentage of endocrine cells (unpublished results). The enriched suspensions may be used to further address questions about the exact development of endocrine pancreatic cells and the order of expression of relevant markers.
In conclusion, an antibody was produced which reacts to the surface and cytoplasm of islet cells in the human fetal pancreas. With this antibody we have been able to enrich Beta cells and other endocrine cells from a total pancreatic cell preparation by fluorescence activated cell sorting.
